Abstract
Sinceproblem-basedlearning(PBL)
was introduced into the medical curriculum at the McMaster University Faculty of Health Sciences in 1969, the teaching method has enjoyed considerable success. Seventy percent of U.S. medical schools include in their curricula small-group tutorial sessions organized around patient cases, and 6% describe their curricula as problem based outright. 1 The majority of Australian medical schools have adopted PBL as an important aspect of their teaching, and PBL has also made inroads in European and Asian medical education. [2] [3] [4] [5] [6] Despite PBL's apparent popularity among medical educators and students, 7-10 its effectiveness has become the subject of substantial debate. [11] [12] [13] [14] Colliver, 11 for instance, discussed a number of studies that compared medical knowledge test performance of students in problembased medical curricula with the performance of students in conventional medical curricula. On the basis of his interpretation of three 1993 reviews 7, 10, 15 and eight additional curriculum comparison (CC) studies published after 1993, Colliver 11 concluded that evidence is lacking that PBL improves learning, because differences on knowledge tests, if any, are small and do not consistently favor problem-based curricula.
Additional potential support for Colliver's 11 claim comes from two more recent reviews. Dochy and colleagues 16 surveyed 43 CC articles and found what they called "a tendency to negative results" when considering the effect of PBL on medical students' knowledge acquisition. Schmidt and colleagues 9 reviewed 108 CC studies that involved a specific, problem-based medical school and spanned a period of almost 30 years. They found an almost negligible overall effect of PBL on students' knowledge acquisition.
The Possibility of Selection Bias
Do the findings reported in the aforementioned reviews provide direct evidence for Colliver's 11 claim that PBL has no particular effect on medical students' knowledge acquisition? CC studies are at best quasi-experimental studies-they fall short in terms of several of the requirements of true experiments. For instance, however desirable randomization may be, random allocation of participants to the different conditions of the experiment is virtually impossible in natural settings. 17 Further, quasi-experimental studies are prone to several biases threatening their internal validity, that is, the extent to which findings can really be attributed to the treatment studied and not to some other factor or influence. 18 In this article, we will first argue that findings reported in the CC literature [7] [8] [9] [10] [11] may result from what Cook and Campbell called "selection bias." 18 There are four sources of possible selection bias in these CC studies: differential enrollment, differential sampling, differential attrition, and differential exposure. We describe each briefly below, using examples drawn from the CC literature, including the reviews described above and the studies on which they were based. Subsequently, we will present a reanalysis of 104 previously published CCs involving a single, prominent, problem-based medical school in the Netherlands and various conventional Dutch medical schools. The goal of our reanalysis was to remove the influence of differential attrition and differential exposure on the data these CC studies produced in order to demonstrate that selection bias influenced the outcomes of a sizeable number of these comparisons.
We begin with some observations regarding sources of selection bias in previously published CC studies and reviews.
Differential enrollment
An assumption central to any comparison study is that the samples or populations involved are sufficiently similar in terms of their knowledge or aptitude prior to enrolling in the experiment, because prior knowledge and aptitude both influence the rate of subsequent learning. 19 The effect of student differences was examined in a recent study that analyzed the performance of students from 116 U.S. medical schools on the United States Medical Licensing Examination across an 11-year period. 20 Performance was predicted using student variables (MCAT score, grade point average [GPA] , age, minority status). Preexisting differences between students accounted for most of the variance found in performance.
In some published CC studies, students were known to be different in terms of prior knowledge and aptitude. For example, McMaster University's medical school uses a criterion heavily weighted to "personal qualities" to select students, and those students' GPAs tend to be significantly lower than the GPAs of students at other medical schools. 21 Therefore, the results of several early CC studies in which McMaster students did not do well [22] [23] [24] can be attributed to differences in students' prior knowledge rather than to curricular differences. It is, therefore, essential that studies on curriculum effects include information about students' entry-level performance. None of the eight studies included in Albanese and Mitchell's 7 review contained such information. The same was true for four of the post-1993 studies included in Colliver's 11 review. Similarly, 46 of the 57 comparisons in Dochy and colleagues' 16 review lacked this information.
Differential sampling
In a number of published CC studies, populations of medical students from problem-based schools were compared with samples of volunteers from conventional schools. However, students who volunteer for CC studies tend to be the better students of their class-poorly performing students do not readily volunteer to have their knowledge level tested-which may bias results in favor of the volunteer samples. Most studies of this type included in the reviews did not include data that would allow one to check whether volunteers represented the better students; the two that did 25, 26 demonstrated that those who volunteered to participate in CC studies were indeed among the better students of their class. Of the reviews mentioned above, only Schmidt et al 9 provided systematic information regarding differential sampling.
Differential attrition
In U.S. and Canadian medical schools, gaining admission to medical school is a virtual guarantee of future entry into practice. Data from the Association of American Medical Colleges 27 suggest that the attrition rate in U.S. schools is less than 3%. This is not the case in those countries where students enter medical school following high school graduation. In Mexico, for example, fewer than 60% of medical students graduate with their entering class, although eventually 90% will graduate. 28 Statistics in Sweden are similar, with 50% of students graduating "on-time" and 85% to 90% eventually graduating. 29 Recently, studies have begun to demonstrate that schools with problembased curricula have higher graduation rates and shorter study duration than schools with conventional curricula. 30 -34 The case of Harvard's dental school is instructive 31 : Before the introduction of PBL in its basic sciences curriculum, the dental school's attrition rate was almost 27% (i.e., of every 100 students entering the school, 27 never graduated). After PBL was introduced, the attrition rate dropped to 17%. And, after PBL was implemented throughout the curriculum, the attrition rate fell to less than 7%. A large-scale study 33 involving all 10 classes of students who entered the eight medical schools in the Netherlands between 1989 and 1998 (in total, almost 14,000 students) demonstrated that the country's three problem-based schools had, on average, almost 8% better graduation rates than did the country's conventional schools, even though graduation rates in the country were already reasonably high (over 80%). If conventional schools lose more students in the course of training than do problem-based schools, then studies involving comparisons of PBL and conventional curricula are prone to attrition bias.
Differential exposure
Poorly performing students may drop out, particularly in the early years of medical school. But, more commonly, they simply take longer to graduate. In U.S. and Canadian schools, students are more likely to repeat a year than to drop out. In European schools, it is common for individual students to extend their studies by weeks, months, or years. These students benefit from the increased time dedicated to learning; there is a wellestablished linear relationship between time spent on learning and learning outcomes. 35, 36 In the context of CC studies, if problembased schools have a higher proportion of "on-time" graduates than do conventional schools, then effectively the PBL curriculum is shorter than the conventional curriculum; that is, it has shorter study duration or time of exposure. There is evidence that this is the case. In the large-scale Dutch study 33 discussed above, students in the three problem-based schools needed, on average, almost half a year less time to graduate than did students of the five conventional schools.
Potential Effects of Attrition and Exposure Bias in CC Studies
What are the possible effects of attrition bias, if ignored? Assume for a moment that a particular school's PBL curriculum results in greater student knowledge gains than does another school's conventional curriculum. Assume in addition that students drop out of medical school largely because they perform poorly on examinations. A direct consequence is that, of these two medical schools, the one with the conventional curriculum will lose more students than will the one with the PBL curriculum because of students' poor performance. Students who drop out are, by definition, excluded from CC studies, which involve performance only of those students who have stayed. Therefore, attrition bias in CC studies may mask a potential effect of PBL because the final student cohort in the school with the PBL curriculum contains a higher proportion of the type of students who would have dropped out had they been enrolled at the school with the conventional curriculum.
An example from the drug evaluation field may serve as an illustration: If the effects of drug A and drug B are compared in a randomized controlled trial, one possible outcome is that the surviving patients will report similar levels of recovery, leading to the conclusion that both treatments are equally good (as is the case in most CC studies). However, if patients using drug A have a mortality rate that is higher than that of patients using drug B, the actual effect of drug B is masked by this differential mortality. Similarly, differential attrition may mask a curriculum's genuine effects on student learning. The problematic effects of differential attrition on outcomes have been identified in randomized controlled trials 37 but have not yet been noted in CC studies.
The same applies to differences in time needed to complete medical school, or study duration. If students in a conventional school take longer to complete their studies than do those in a problem-based school, potential performance differences favoring the PBL curriculum may be masked by differential exposure.
At this point, we have demonstrated that at least some of the published CC studies included in reviews of the literature may have suffered from differential attrition and differential exposure, which may mask effects of PBL on knowledge acquisition in these studies. This implies that the outcomes of these studies cannot be taken at face value. Some reanalysis of these studies' data is therefore needed, ideally including performance data from students who dropped out. This, though, poses a problem; usually, no such data would be available. However, because students tend to drop out because of poor performance, one can reequalize the comparison groups by excluding the poorest-performing students from the group with the lower attrition rate.
In our reanalysis of a large number of comparisons, we took into account between-school differences in graduation rates as well as time of exposure to the curricula. We did the latter by predicting performance scores among the problembased school's students as if they were exposed to the same number of months of the treatment as the students from the conventional schools.
Method
We limited our reanalysis to the studies included in Schmidt and colleagues' 9 2009 review that involved comparisons of Maastricht University's problembased medical school (Maastricht) with various conventional Dutch medical schools. There were a number of advantages to using these data from the Netherlands. First, and most important, sufficiently reliable graduation rate and study duration information were available for Maastricht and for the conventional Dutch schools with which it was compared, enabling us to correct for possible attrition bias and differences in exposure to the educational treatments.
Second, Dutch students are admitted to medical schools through a centralized process, which employs a weighted lottery procedure that is based on achievement on a national entrance examination. All eight Dutch medical schools are state based and have an essentially equivalent volume of student intake (approximately 300 -400 students). As in most European countries, students in the Netherlands enter medical school after high school graduation and are about 18 to 19 years old. For these reasons, students in the eight schools are highly similar in terms of past performance, age, and gender, 38 which makes enrollment bias unlikely in CC studies involving these schools. In addition, all Dutch medical schools employ a six-year curriculum, and the subject matter taught is largely overlapping. 39 Because there are no national licensing examinations in the Netherlands, all medical schools are required to have rigorous assessment programs; these are intensively monitored and audited in the national accreditation system. Again, this facilitates comparisons between curricula types.
Third, Maastricht's medical school curriculum is by far the most extensively studied PBL curriculum in the world. 9 It was established in 1974, five years after McMaster University admitted its first group of students to its problem-based program. Therefore, findings based on the Maastricht PBL curriculum appear prominently in the various reviews described above and have contributed greatly to the "no difference" conclusions reached by their authors. [7] [8] [9] [10] [11] [12] The curricula of the other Dutch medical schools in these comparisons are conventional to varying degrees, with a continued emphasis on lectures. 33 For the study reported here, we selected 104 of the 278 comparisons for reanalysis. Our inclusion criteria were (1) Maastricht students were compared with students from at least one conventional Dutch medical school, (2) the comparison concerned performance on tests of medical knowledge or diagnostic reasoning, and (3) both attrition and study duration data were available for each of the groups compared.
Study selection procedures

The original datasets
As noted above, Schmidt and colleagues' 9 datasets form the basis of the reanalysis of 104 comparisons reported here. Seventy-eight of these 104 comparisons were conducted with a medical knowledge test procedure called the "progress test," which was developed originally at Maastricht and is now in use in half of Dutch medical schools 40, 41 as well as at schools elsewhere. [42] [43] [44] A typical progress test consists of some 200 questions covering medicine as a whole. The test is administered four times each year to all students, regardless of their year of study. For each administration, a new version of the test is drawn from a large item bank. Students must demonstrate progress on each subsequent test, which is why it is referred to as a "progress" test. It has high reliability, with Cronbach alphas typically above 0.80 within years and above 0.90 across years. Evidence for its validity has been reported as well. 45, 46 Of the other 26 comparisons in this reanalysis, 10 were made using a test of anatomy knowledge, and 16 focused on the application of knowledge in diagnostic reasoning tasks. These instruments all had reliability coefficients above 0.80.
For each of the comparisons, Schmidt and colleagues 9 identified the medical schools involved, whether populations or (random) samples were studied, and the class of the students involved. They extracted measurement information, if provided, together with relevant procedural information. Finally, they computed a measure of the strength of the effect of PBL for each comparison, expressed as Cohen effect size d. 47 See Appendix 1 and Appendix 2 for these details of the 104 comparisons we selected for our reanalysis.
Because Dutch medical students spend six years in medical school, many of the CC studies made within-class comparisons among first-, second-, third-, fourth-, fifth-, and sixth-year students. Schmidt et al 9 did not report all these comparisons separately. In cases where multiple comparisons were made, they reported mean d values (printed in italic type in Appendix 2) weighted according to the numbers of students in the contributing comparison groups.
Comparisons were not always reported in the original articles in a way that made direct computation of d values possible. In two instances, Schmidt et al 9 had to reconstruct the data from graphs presented in the article. 25, 48 The attrition rate and study duration data for each of the comparisons are made available by the VSNU, the Dutch Association of Universities (see also Schmidt and colleagues, 33 Post et al, 34 and Verwijnen et al 48 ). The means presented in columns 3 to 6 in Appendix 2 were computed on the basis of the data from each of the classes involved in the comparisons.
Reanalysis of the Schmidt et al 9 datasets: The Amsterdam example
Our approach to removing attrition and exposure bias from the comparisons can best be illustrated using as an example a 1996 study 49 that features prominently in the various published reviews and is reanalyzed here. This study compared diagnostic reasoning competence among students at three Dutch medical schools, including the problem-based Maastricht medical school. At each of these schools, five classes of students were presented with 30 cases and required to provide a diagnosis for each case. Figure 1 , panel A, displays mean scores for each of these classes at each school, as presented in the original study. The critical statistics for this study are available in Appendix 2.
For simplicity, we concentrate here on just one of the 1996 study's comparison schools: the University of Amsterdam's medical school. Comparing the performance of students in Maastricht's PBL curriculum with that of students in Amsterdam's conventional curriculum favored the latter: Schmidt and colleagues 9 reported the mean effect size d as Ϫ0.36. However, mean graduation rates of the participating classes were 93% for Maastricht versus 82% for Amsterdam. To match these groups in terms of attrition rate, we excluded from our data the poorest-performing 11% of students from Maastricht, so that both schools had the same attrition rate. Figure 1 , panel B, displays the mean scores for each class at each school after attrition bias is taken into account. We recomputed the mean effect size, which resulted in a d value of Ϫ0.15.
Finally, we considered differences in study duration. Maastricht students in the participating classes eventually graduated in an average of 6.97 years, whereas the Amsterdam students graduated in an average of 7.28 years. This difference was taken into account in the data as represented in Figure 1 , panel C, in which the graphs have been remodeled to represent actual study duration rather than the nominal study duration of six years. (In Figure 1 , panel A, results for many of the students who were actually in their seventh, eighth, or ninth year of study are displayed as if these students were in their fourth, fifth, or sixth year.) On the basis of Figure 1 , panel C, we interpolated the projected mean scores for each of the classes, computed new d values, and recomputed the mean effect size, which was equal to 0.09. So as a result of corrections, the d value of this comparison changes from medium negative to slightly positive for the PBL curriculum. We reanalyzed the other comparisons in similar fashion. We explain the mathematical technicalities of the procedure in Supplemental Digital Appendix 1 (available at http://links.lww.com/ACADMED/A82).
Results
Appendix 2 displays the results of our reanalysis of 104 comparisons of one Dutch medical school's problem-based curriculum with conventional curricula at other Dutch medical schools. The appendix's third through sixth columns present mean attrition and study duration data derived from various sources. 33, 34 These data represent averages across the classes involved in the comparisons-that is, the average success across classes in terms of graduation rate and duration of study. The seventh column contains the effect sizes reported in the original review. 9 The eighth and ninth columns present the effect sizes we calculated in our reanalyses. Table 1 presents summary statistics from the original study and our reanalysis.
As we predicted, because the attrition rate was consistently lower and the duration of study was consistently shorter in the problem-based school (except in Verhoeven and colleagues' 26 study), the differences favoring the problem-based school become larger. After we corrected for attrition, the overall effect size d for the acquisition of medical knowledge, which was 0.02 in the original review, 9 increased to 0.18. After we corrected for differences in study duration, the overall effect size increased to d ϭ 0.31. The effect was similar for diagnostic reasoning: After we corrected for attrition, the overall d value increased from 0.07 to 0.27, and then to 0.51 after we corrected for study duration. These findings suggest that in the 104 comparisons we reanalyzed, robust positive effects of PBL were indeed masked by differential attrition and differential exposure.
Discussion
Previous reviews of curricular effects on medical knowledge acquisition and knowledge use in diagnostic reasoning generally have shown that the performance of medical students from schools with PBL curricula is not uniformly superior to that of students whose schools' curricula employ more direct forms of instruction, such as lectures. [7] [8] [9] [10] [11] 15, 16 As a consequence, the use of PBL in medical education continues to be regarded with skepticism. In a recent study, Kirschner and colleagues 12 argued that instructional approaches emphasizing minimal direct instruction (including PBL), although intuitively appealing, are less effective than those emphasizing teacher guidance, because the former type would ignore the structure of the human cognitive system and its limitations of working memory. In reaching this conclusion, Kirschner and colleagues explicitly referred to the Colliver 11 review.
As stated earlier, this study's central thesis is that many of the CC studies on which PBL critics have based their conclusions may have been subject to forms of selection bias. To test our hypothesis, we reanalyzed 104 curricular comparisons involving Maastricht University's medical school, which is one of the most prominent problem-based schools. This particular school has contributed a large number of CC studies to the literature, so it has had a potentially large influence on the conclusions of systematic reviews conducted to date on PBL in medical education. If these studies were shown to contain biased estimations of the effect of PBL on knowledge acquisition, then the conclusions of the reviews themselves could be called into question.
The findings of our reanalysis supported these hypotheses. Corrections for differential attrition and study duration resulted in medium-sized positive effects of PBL in most of the 104 comparisons we reanalyzed. Because effect sizes can be interpreted as z scores, the findings as summarized in Table 1 imply that the average student from the Maastricht problem-based curriculum surpasses 62% of his or her fellow Dutch medical students in conventional curricula on medical knowledge tests and 70% of them on diagnostic reasoning tests. In these previously published comparisons, effects of PBL were, therefore, clearly Our study has a number of limitations. The first pertains to our decision to reequalize the comparison groups by excluding the poorest-performing students from the problem-based school sample. Although the decision to leave medical school may not be simply a consequence of poor performance, research has demonstrated that there is a strong relationship between medical students' level of performance and the probability that they will drop out. Roeleveld 38 found that most of the poorestperforming medical students in the Netherlands had dropped out by the end of their second year. A study by Van der Vleuten and colleagues 41 showed that medical students who eventually dropped out of the program had a mean score on previous progress tests that was, on average, 0.65 standard deviations below the class mean. We therefore felt that our decision to exclude the poorest-performing students from the problem-based groups in order to reequalize them with the conventional groups was justified.
However, it is not entirely likely that all students who drop out are from the bottom of their class. We therefore conducted a sensitivity analysis in which we found that if half of the students who dropped out did so because of poor performance and the rest did so at random, then the effect sizes for knowledge acquisition would be d ϭ 0.11 after correction for attrition and d ϭ 0.23 after additional correction for study duration. For diagnostic reasoning, the respective corrected effect sizes would be d ϭ 0.18 and d ϭ 0.41. If one-third of the students who dropped out did so because of poor performance and the other students did so at random, then the effect sizes for knowledge acquisition would be d ϭ 0.08 after correction for attrition and d ϭ 0.20 after additional correction for study duration. For diagnostic reasoning, the respective corrected effect sizes would be d ϭ 0.15 and d ϭ 0.37. So, even in the highly unlikely case that two-thirds of the students who dropped out did so for reasons other than poor performance, positive effects of PBL are still visible in the data, attesting to their robustness.
A second limitation involves the generalizability of our findings, which are based on data from one problem-based school. Perhaps this school-Maastricht University's medical school-has a number of idiosyncratic features that induce better performance in its students and that may not be present at other problem-based schools. To address this possible limitation of our findings, we conducted similar analyses of the two other problem-based schools in the Netherlands-the medical schools of Groningen University and Nijmegen University-for which relevant graduation data were available 33 and that participated in some of the CC studies. 41 The results of these additional analyses confirmed the findings we report in this article, suggesting that our findings have the potential for further generalizability. Also, international data show that problem-based schools tend to have lower levels of student attrition and delayed graduation, 30 -32 which suggests that our findings may not be limited to Dutch medical education.
Why would PBL curricula protect students against dropout and study delays better than conventional, lecturebased curricula? In our view, the tutorial group, one of PBL's distinguishing characteristics, plays a central role here. 9 First, the tutorial group is a source of friendships, and it enables students to develop more personal relationships with their teachers than is possible in larger classrooms; both of these factors are considered to be protective against premature dropout. 50,51 Second, regular small-group tutorials in problem-based schools provide peer pressure and natural deadlines for work to be completed and, therefore, encourage students not to postpone studying. These are reasons why students in medical schools with PBL curricula graduate earlier than students from conventional schools. (See Schmidt et al 52 for an extended discussion on what works in PBL.)
Conclusions
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